ABSTRACT
Angiogenesis, the recruitment of new blood vessels is a crucial mechanism required for both tumor growth and metastasis. Advances in the understanding of the molecular mechanisms underlying the angiogenesis process have led to the discovery of a variety of pharmaceutical agents with antiangiogenic activity. The potential application of these angiogenesis inhibitors is currently under intense clinical investigation. Decades of investigation suggest that vascular endothelial growth factor (VEGF) and its receptors, particularly VEGF receptor 2 (VEGFR2, or kinase insert domain-containing receptor, KDR), play a critical role in tumor-associated angiogenesis. KDR, therefore, represents a good target for therapeutic intervention. A number of agents designed selectively for targeting KDR are being evaluated in various phases of clinical trials in cancer patients. This manuscript reviews briefly the biology of VEGF family of ligands and receptors and of KDR in particular. The attempts to develop effective KDR antagonists, including small molecules, antibodies and others, for therapeutic purposes are discussed comprehensively with special emphasis on tumor angiogenesis.
INTRODUCTION
Angiogenesis, the recruitment of new blood vessels is a crucial mechanism required for a number of physiological and pathological conditions. It is a tightly regulated, multiple step process, that results in the formation of blood vessels from pre-existing vasculature (1) . Under normal conditions, angiogenesis occurs during embryonic development, wound heeling and the female menstruation cycle (2) (3) (4) (5) . Uncontrolled angiogenesis is observed in various pathological states, such as psoriasis, diabetic retinopathy, rheumatoid arthritis, chronic inflammatory and cancer (6) (7) (8) (9) (10) (11) (12) (13) . Tumor cells begin to promote angiogenesis early in tumorigenesis to allow proper nourishment and removal of metabolic wastes from tumor site. In contrast to normal cells, which form a single layer around capillary blood vessels, multiple layers of tumor cells surround the microvasculature, effectively creating a capillary "cuff" (14-16). Although these in situ tumors may replicate rapidly, their uncontrolled growth and metastatic properties are severely restricted by the absence of adequate blood supply. Tumor cells, therefore, are going through a switch from a quiescent to an invasive phenotype. This 'switch' is invariably accompanied by the acquisition of angiogenic properties and is considered the hallmark of the malignant process, whereby pro-angiogenic mechanisms overwhelm or circumvent negative regulators of angiogenesis (17) .
Indeed, increased tumor vascularization and expression of pro-angiogenic factors has been associated with advanced tumor stage and poor prognosis in a variety of human cancers (15, 18, 19) . Decades of investigating the molecular basis of angiogenesis has identified a number of growth factor/receptor signaling pathways that contribute to promote tumor angiogenesis. Ones, and probably the major pathways involved in this process are the vascular endothelial growth factor (VEGF) / VEGF receptorsmediated signaling cascades (20-23). This manuscript reviews briefly the biology of VEGF family of ligands and receptors and of VEGF receptor 2 (VEGFR2, or kinase insert domain-containing receptor, KDR), in particular. The attempts to develop effective KDR antagonists for therapeutic purposes are discussed comprehensively with special emphasis on tumor angiogenesis.
VASCULAR ENDOTHELIAL GROWTH FACTOR
VEGF is the prototype of the enlarging family of angiogenic and lymphangiogenic growth factors. The family comprised of six structurally homologous, secreted glycoproteins. These proteins share a great similarity in their primary sequence (24-26). VEGF-A (also known as VEGF) was first identified in the 1980s as a vascular permeability factor (VPF) secreted by tumor cells (27-31). Its gene undergoes alternative splicing to yield at least 6 different mature isoforms of 121, 145, 165, 183, 189 and 206 amino acids (30, 32, 33) . These isoforms vary in their bioavailability, level of expression, affinity to heparin and heparan sulfate, mitogenic strength and tissue specificity. VEGF 121 and VEGF 165 are the most abundant forms (32, 34-36). Placenta growth factor (PlGF) shares 46% amino acid identity with VEGF and is predominantly expressed in the placenta (37). VEGF-B is 43% identical to VEGF and is highly expressed in skeletal and cardiac tissues (38). VEGF-C exhibits approximately 30% identity to VEGF and is a fairly selective growth factor for lymphatic vessels (22, 39) . VEGF-D is most closely related to VEGF-C (40, 41) with 31% identity to VEGF (42-45). Both VEGF-C and VEGF-D have been shown to be endothelial cells mitogens (40, 41, 46) . Two additional VEGF-related polypeptides were identified in the genome of the Orf virus (47). These polypeptides, NZ-7 VEGF (designated VEGF-E) and ORFV2-VEGF share 25% and 43% amino acid identity with VEGF, respectively (48-51). The active forms of VEGF family of ligands appear either as homodimers (40-45kDa) or as heterodimers with other VEGF family members (26, 52).
VASCULAR ENDOTHELIAL GROWTH FACTOR RECEPTOR (VEGFR)
VEGF ligands initiate their biological function upon binding to structurally related cell surface receptors (26, 52, 53) . Two receptors were originally identified on endothelial cells, the 180 kDa fms-like tyrosine kinase (Flt1 or VEGFR1) (51, 54, 55) and the 200 kDa KDR (or VEGFR2), or its murine homolog, fetal liver kinase (Flk1) (56) (57) (58) (59) (60) (61) (62) . The overall amino acid sequence identity between Flt1 and KDR is 44%. KDR binds VEGF, VEGF-C, VEGF-D, VEGF-E and ORFV2-VEGF, whereas Flt1 binds VEGF, VEGF-B and PlGF. Both Flt1 and KDR are expressed primarily on vascular cells of endothelial lineage (51, (55) (56) (57) (63) (64) (65) . A third structurally related tyrosine kinase receptor is the 180 kDa Flt4 (or VEGFR3) (66) (67) (68) (69) (70) (71) . Flt4 binds VEGF-C and VEGF-D (42, 72). Similar to KDR, Flt4 is widely expressed on endothelial cells during early embryonic development. However, Flt4 becomes largely confined to lymphatic endothelial cells in the adult tissues (66, 68-71, 73, 74) .
Two additional receptors were recently identified, a 130-140 kDa isoforms Neuropilin-1 (NRP-1) and NRP-2 (75-77). NRP-1 binds VEGF 165 , PlGF-2 and ORFV2-VEGF (75, 78, 79) . NRP-2 binds VEGF 165 , VEGF 145 , PlGF and VEGF-C (80, 81) . NRP-1 and -2 differ greatly from other VEGF receptor family members. Their intracellular domain is short, and does not suffice for independent transduction of biological signals (82) (83) (84) (85) (86) . Their activity is likely mediated as a co-receptor for VEGFR-1 and -2 by enhancing the binding affinity of ligands to the receptors (82, 86-91).
VASCULAR ENDOTHELIAL GROWTH FACTOR RECEPTOR 2 (KDR)

Structure and function of KDR
KDR is expressed in all adult vascular endothelial cells with perhaps the exception of vascular endothelial cells in the brain (56) . In addition, KDR is detected on circulating endothelial progenitor cells (CEPs) (92) (93) (94) , pancreatic duct cells (95) , retinal progenitor cells (96) , and megakaryocytes (97). Significantly increased levels of KDR are also presented on tumors derived from kidney, bladder, ovaries and brain (98) (99) (100) . KDRdeficient mice have impaired blood island formation and lack mature endothelial cells (101) (102) (103) . Similar to Flt1, KDR possesses a characteristic structure consisting of seven extracellular immunoglobulin-like domains, a single transmembrane domain, and a tyrosine kinase domain interrupted by an insert (51, 55-57, 104).
Recent studies have provided direct evidence that two molecules of either KDR or Flt1 bind a single VEGF homodimer (35, (105) (106) (107) (108) (109) (110) . Deletion mutant analysis demonstrates that KDR extracellular immunoglobulin-like domains 2 and 3 are sufficient for high affinity binding of VEGF (106, 107) . Detailed analysis of the interaction between VEGF and various KDR immunoglobulin-like domain deletion mutants suggests that the domains 2-4 might be important for VEGF association, and domains 5 and 6 are important for ligand dissociation (109) . The presence of a split kinase domain places both KDR and Flt1 into the same subfamily of class III receptor tyrosine kinases (RTKs), which also includes several 5-immunoglobulin-like domain type receptors such as c-Fms, c-Kit, and the alpha and beta chains of the PDGF receptor. VEGF binding induces conformational changes within KDR, followed by receptor dimerization and autophosphorylation of tyrosine residues in the intracellular kinase domain (111) (112) (113) . The use of recombinant KDR cytosolic domain enabled the identification of four tyrosine residues, Tyr-951, Tyr-996, Tyr-1054 and Tyr-1059, as the autophosphorylation sites (114) . Tyrosine phosphorylation forms high-affinity binding sites for a variety of SH2 and PTB domain-containing proteins, including PLCγ, VEGFRassociated protein (VRAP), Ras-GAP, FAK, Sck, Src family of tyrosine kinases, Grb2, PI3-kinase, Akt, PKC, Raf-1, MEK, ERK, p38MAPK, Nck, Crk, Shc, STAT3 and others (105, 111, (114) (115) (116) (117) (118) (119) (120) (121) (122) (123) (124) (125) (126) (127) (128) (129) (130) (131) (132) (133) . These proteins either possess an intrinsic enzymatic activity, or serve as docking proteins to position other signaling molecules in close proximity with the receptor, to further propagate the VEGF signal (115) (116) (117) (118) .
The role of KDR in endothelial cells has been extensively studied (103) . It is suggested that interaction with KDR is a critical requirement to induce VEGF biological responses, which include cell proliferation, migration, differentiation, tube formation, increase of vascular permeability, and maintenance of vascular integrity (111) (112) (113) (134) (135) (136) .
However, the key molecules involved in VEGF/KDR signaling pathway remain to be completely elucidated. The identification of downstream signaling molecules may provide clues to the biochemical mechanisms used to transmit VEGF activity during angiogenesis and, therefore, guide the rational design of potent anti-angiogenesis inhibitors (136).
KDR as a target for antiangiogenesis therapy
Various angiogenesis inhibitors have been developed to target vascular endothelial cells and block tumor angiogenesis. Compelling evidence suggests that VEGF and its receptors, Flt1 and KDR, provide excellent targets for anti-angiogenesis intervention. Although there are many molecules that have been proven to be endothelial growth factors, VEGF is the one most consistently found in a wide variety of conditions associated with angiogenesis. VEGF and its receptors are over-expressed in the great majority of clinically important human cancers. These include carcinomas of gastrointestinal track, pancreas, breast, bladder, kidney, endometrium, and Kaposi's sarcoma (98, (137) (138) (139) (140) (141) (142) (143) (144) (145) (146) (147) . In addition, over expression of the VEGF receptors was demonstrated among several intracranial tumors including glioblastoma multiforme (147) , as well as in both sporadic and Hippel-Lindau syndrome-associated capillary hemangioblastoma (148). The mRNA for both KDR and Flt1 is greatly up-regulated in tumor-associated endothelial cells, but not in the vasculature surrounding normal tissues (139, 141, 147) . Furthermore, a significant correlation between KDR expression and microvessel density has been observed in several tumors. This increased microvessel density appears to be associated with poor prognosis in patients with a wide spectrum of cancers, including carcinomas of breast, bladder, prostate, ovarian, colorectal, stomach, head and neck, non-small cell lung, and uterine cervix, as well as melanomas, testicular germ cell and pediatric brain tumors (149) (150) (151) (152) (153) (154) (155) (156) (157) (158) (159) (160) (161) (162) .
A retrovirus-mediated expression of a dominant negative Flk1 (mouse KDR analog) mutant inhibited the growth of eight of nine tumor cell lines tested in nude mice, along with significant reduction of vessel density in the tumors (163) . Furthermore, inhibition of endothelial cell mitogenesis in vitro and tumor growth in vivo have also been achieved by using anti-KDR/Flk1 antibodies (164) (165) (166) (167) (168) (169) and small molecule KDR/Flk1 kinase inhibitors (170-177).
Additionally, accumulating evidences suggest the existence of a VEGF/KDR autocrine loop in mediating growth and metastasis of several types of tumors (178) (179) (180) (181) . Treatment with a neutralizing anti-KDR antibody effectively inhibited VEGF activities both in vitro and in vivo (169, (182) (183) (184) . KDR inhibitors also have greater accessibility to their targets since tumor vessel endothelium is in direct contact with the blood. In contrast to conventional therapies that require targeting individual tumor cells, local interruption of tumor vasculature by targeting KDR expressed on endothelial cells may detrimentally affect all tumor cells that are dependent upon the targeted vasculature for nutriment. Taken together, it is not surprising that KDR has became one of the most sought-after antiangiogenesis targets being pursued by various pharmaceutical and biotech companies in the recent years (Table 1) .
Neutralizing Antibodies directed against KDR 5.3.1. DC101
A rat anti-mouse VEGFR2, Flk1, monoclonal antibody (DC101) was developed by ImClone Systems (New York, NY) using conventional hybridoma technique (185, 186) to conduct proof-of-concept studies both in vitro and in animal models. In vitro studies demonstrated that DC101 binds with high affinity and specificity to KDR/Flk1, functions as a potent antagonist to VEGF binding, blocks Flk1 signaling, and blocks VEGF-induced endothelial cell proliferation (187) . DC101 has been studied extensively in mouse models of angiogenesis, mouse tumors and human tumor xenografts, demonstrating potent anti-angiogenic and anti-tumor activity in these models (187) (188) (189) (190) (191) (192) (193) (194) (195) (196) (197) (198) (199) . In addition, DC101 treatment inhibits the dissemination and growth of metastases in mouse and human tumor metastasis models (187, 188, 191, 197) . Histological examination of DC101-treated tumors showed evidence of decreased microvessel density, increased tumor cell apoptosis, decreased tumor cell proliferation and extensive tumor necrosis (187, (191) (192) (193) (194) 198) . This table is complied from information obtained via a variety of sources including research articles, reviews, meeting reports, conference proceedings and abstracts, company websites and press releases.
Combination therapy with anti-Flk1 antibody and chemotherapeutic drugs or radiation may be a useful strategy, since the use of these therapies alone is not able to completely eradicate tumors. In this regard, DC101 treatment has been shown to enhance the anti-tumor activity of chemotherapeutic agents such as Paclitaxel, Cyclophosphamide and Gemcitabine (188, 197) . In these studies, combination therapy with DC101 and chemotherapy resulted in significant regression of implanted tumors when compared to either therapy alone. DC101 treatment has also been combined with radiotherapy showing an enhanced anti-tumor response. In one study, DC101 significantly decreased the dose of radiation (TCD 50 ) required to treat nude mice implanted with either human small cell lung carcinoma 54A or glioblastoma multiforme (GBM) U87 cells (200) . Combination therapy with DC101 and chemotherapy has also been studied in the context of low-dose or "metronomic" dosing of cytotoxic agents (201) . Metronomic therapy refers to frequent, low-dose administration of cytotoxic drugs with the aim of affecting new blood vessel formation. Since VEGF has been shown to act as a survival factor for endothelial cells in response to chemotherapy or radiation (191) , the addition of antiFlk1 antibody to metronomic therapy may enhance the antiangiogenic effect of metronomic therapy on proliferating tumor vasculature. This hypothesis was tested in experiments where DC101 was combined with chronic, low-dose vinblastine treatment of human neuroblastoma xenografts in athymic mice. Remarkably, this treatment regimen resulted in complete tumor regression of large, established tumors that was sustained for greater than 6 months (202) . These results have been confirmed in other tumor models with other cytotoxic agents (203) (204) (205) . These data support the notion that anti-KDR/Flk1 treatment potentiates the anti-vascular effects of low-dose chemotherapy on proliferating tumor endothelium. No overt toxicity has been observed in long-term DC101 treatment experiments of tumor bearing or non-tumor bearing mice. Autopsy of DC101-treated mice revealed no abnormalities in the organs of these mice including the heart, intestine, kidney, liver, lung and spleen. These findings are important, since low levels of KDR/Flk1 expression are present on the endothelium of some normal tissues and required for normal angiogenic processes (206) . Indeed, DC101 treatment does have an impact on normal angiogenesis associated with reproduction (207) and bone formation (UPD). The lack of toxicity observed during DC101 therapy may be due to the limited dependence of resting endothelium for Flk1 stimulation. In contrast, tumor angiogenesis is expected to be more dependent on upregulation and function of Flk1 on tumor vasculature and thus more susceptible to anti-Flk1blockade. The apparent lack of toxicity associated with anti-Flk1 antibody treatment can also be attributed to the high specificity of an antibody antagonist.
IMC-11C1
As DC101 does not cross-react with human VEGFR2, KDR, a panel of new antibodies directed against KDR was generated, using both the traditional hybridoma method and the antibody phage display technique (187, (208) (209) (210) . This effort gave rise to a lead candidate, IMC-IC11 (211), a mouse/human chimeric IgG1 derived from a single chain Fv isolated from a phage display library (208) (209) (210) . The antibody binds both soluble and cell-surface expressed KDR with high affinity (Kd, ~ 300pM), and competes efficiently with radiolabeled VEGF for binding to KDR-expressing human endothelial cells. Furthermore, it strongly blocks VEGF-induced phosphorylation of both KDR and ERK, and inhibits VEGF-stimulated mitogenesis of human endothelial cells (208) (209) (210) .
The binding epitope(s) for IMC-1C11 are located within the first three N-terminal extracellular Immunoglobulin-like domains of the receptor, the same domains that encompass the binding site for VEGF (107) . Cross-species examination revealed that IMC-1C11 cross-reacts with VEGFR2 expressed on endothelial cells of monkeys and dogs, but not with those on rat and mouse. In a canine retinopathy model, IMC-1C11 significantly inhibited retinal neovascularization in newborn dogs induced by high concentration of oxygen (212) . Furthermore, administration of IMC-1C11 to primate rhesus monkey demonstrated a significant impact on the menstrual cycles, an angiogenesis-related event.
(213). Finally, IMC-1C11 strongly inhibits proliferation and migration of KDR-expressing both primary and cultured human leukemic cell lines, and significantly prolonged the survival of NOD-SCID mice inoculated with these cells (169, 178, 182) .
Toxicological studies in cynomolgus monkeys demonstrated that twice a week intravenous bolus injection of IMC-1C11 at dose levels of 1.0, 3.0, or 10.0mg/kg, over 4 weeks for a total of 8 doses, was well tolerated. There were no treatment-related clinical adverse signs, changes in body weight, or ocular, hematological and clinical biochemical abnormalities. Furthermore, no macroscopic or microscopic changes were observed in any of 44 organs or tissues examined from each animal (UPD). Taken together, these results suggest that IMC-1C11 is a safe compound and may have potential clinical applications in the treatment of cancer and other diseases in which pathological angiogenesis is involved.
In May 2000 ImClone Systems initiated phase I clinical trial in patients with liver metastatic colorectal cancer. The dose-finding study enrolled 14 patients. When IMC-1C11 was infused at 0.2, 0.6, 2.0 or 4.0mg/kg weekly for 4 weeks, no serious toxicities were observed. Five patients had stable disease by week 4 and continued on therapy, with one patient maintaining stable disease for 6 months (167).
IMC-1121B
ImClone Systems is currently developing fully human anti-KDR antibodies for the potential treatment of solid tumors and certain leukemias (165, 166, 169) . These fully human anti-KDR IgG1 antibodies, IMC-2C6 and IMC-1121 were generated from Fab fragments originally isolated from a large antibody phage display library. Further effort was carried out to improve affinity by increasing the stringency of the selection conditions towards KDR (166) . These fully human IgG1 antibodies bind specifically to KDR with high affinities of 50-200pM and block VEGF/KDR interaction with an IC50 value of approximately 1nM (166, 169) . They strongly inhibited VEGF-stimulated receptor phosphorylation and downstream signal transduction, as well as migration and mitogenesis of human endothelial cells.
Further, these antibodies efficiently inhibited proliferation and migration of KDR+ human leukemia cells in vitro, and when administered in vivo, significantly prolonged survival of NOD-SCID mice inoculated with KDR+ human leukemia cells (166, 169) . It is noteworthy that the mice treated with antibody of the highest affinity, IMC-1121, survived the longest period of time (166, 169) . Since these anti-KDR antibodies do not cross react with mouse Flk1, the in vivo anti-leukemia effect of these antibodies is likely to be due to a direct inhibition of cell growth via blockade of the VEGF/KDR autocrine growth loop in human leukemia cells. When the VEGF-producing leukemia cells were co-cultured in vitro with human endothelial cells, addition of IMC-2C6 blocked the leukemia (VEGF)-stimulated production of growth factors (eg., IL-6 and GM-CSF) by the endothelial cells, thus blocking the paracrine growth loop between the leukemia and the endothelial cells (183) . A chronic toxicological study in cynomolgus monkeys demonstrated that once-a-week intravenous bolus injection of IMC-1121 at dose levels of 5.0, 16.0, or 50.0mg/kg, over 39 weeks (9 months) was well tolerated without apparent treatment-related clinical adverse events (UPD). Taken together, these observations suggest a great clinical potential for these antibodies in anti-angiogenesis therapy. Phase I clinical trials of IMC-1121B (IMC-1121 produced by a stable NS0 cell line) were initiated in January 2005.
CDP-791
CDP-791 is a pegylated antibody fragment directed against KDR under development by CellTech Group plc (Slough Berkshire, UK), as a potential treatment for cancer. CDP791 comprises a humanized anti-KDR F(ab')2 fragment conjugated to a polyethylene glycol molecule using a pegylation technology developed by Inhale (now Nektar Therapeutics, San Carlos, CA). In August 2003, Celltech Group plc initiated phase I clinical trials of CDP791 in patients with a variety of advanced solid tumors to assess the safety of ascending doses of the antibody and its pharmacological activity.
Small molecular weight tyrosine kinase inhibitors to KDR
An increasing number of small molecule tyrosine kinase inhibitors (TKI) to signal transduction pathways of KDR RTK are under various stages of development at several pharmaceutical companies (173, 175, 176, 214, 215, 216) . This review summarizes the most advanced compounds in the field which are currently in different stages of clinical trails (Table 1) . Noticeable, vast majority of the information on these drugs is not yet available in published manuscripts. Nevertheless, due to the significance of such data for the purpose of further investigation and therapy consideration, information gathered from individual company's web sites and press releases, proceeding of scientific and clinical meetings, for example the American Society of Clinical Oncology (ASCO), and other sources is presented here and referred collectively as unpublished data (UPD).
Vatalanib (PTK787)
Vatalanib is a very potent small molecule inhibitor under development by Novartis (Basel, Switzerland) and Schering (Berlin, Germany) (172, (217) (218) (219) (220) (221) . Vatalanib inhibits both KDR and Flt1 with IC50 values of 37 and 77nM respectively (222, 223) . It inhibits other class III RTK, such as PDGFR, Flt4, cKit, c-fms with 10-fold higher IC50, but is not active against kinases from other receptor family. Vatalanib blocks VEGF-induced KDR phosphorylation, endothelial cell migration and proliferation at nanomolar concentration, but dose not have any cytotoxic and antiproliferative effects on cells that do not express VEGF receptors (222) . Orally, once daily administration of 25 to 100mg/kg inhibited the growth of several human xenograft tumors, as well as an orthotopic murine syngeneic renal carcinoma in mouse models, along with reduction in microvessel formation in tumors (172, 218, 222) .
The compound was rapidly absorbed with exposure time of 1.6h and average terminal half-life of 5.9h. Phase I dose-escalating and pharmacokinetic (PK) studies of Vatalanib were performed on a wide spectrum of tumors including colorectal, renal cell carcinoma, non-small cell lung carcinoma (NSCLC), acute myeloid leukemia (AML), glioblastoma and prostate cancer. Dose ranged up to 2000mg once-daily or 1000mg twice daily were administered orally. In most studies, results in patients with advanced solid tumors indicated that treatment was well tolerated with no drug-related serious adverse events. Tumor volume reduction was observed in some patients. The maximal tolerated dose (MTD) was not reached with doses up to 1500mg/day. The optimal dose was determined as 1250mg/day. Measurable responses of tumor volume reduction were observed in 19% and 4% of the patients with renal cell carcinoma and glioblastoma, respectively, while over 50% of patients achieved stable disease (UPD).
Phase II trials of Vatalanib in combination with 5-FU/Leucovorin/Irinotecan (IFL) in patients with treatment-naive metastatic colorectal cancer were presented at the 39th ASCO meeting, June 2003. A decrease in the extent of Irinotecan bioavailability and its metabolite (SN-38) was detected following co-administration with Vatalanib.
The compound exposure decreased by approximately 40% in four of five patients at 1000mg/day. Of 11 patients evaluable for tumor response, 4 had partial response and 4 achieved stable disease. Common adverse events included nausea, fatigue, vomiting, epistaxis, diarrhea and dizziness. At 500mg/day there was one case of dose-limiting toxicity (DLT) of grade III fatigue and at 1000mg/day there was one case of DLT of grade III hypertension.
No other drug-related toxicities were observed. Median time to progression for 11 evaluable patients was 6.7 months. At the median follow-up of 9 months all 16 patients were alive. An additional study on Vatalanib in combination with Oxaliplatin/5-FU/Leucovorin (FOLFOX4) was carried out in patients with metastatic colorectal cancer. Oral administrated Vatalanib was well tolerated and no PK interaction between Vatalanib and Oxaliplatin was detected. From 21 patients evaluable for tumor response, 9 had partial response. The median time to progression was 11 months. Adverse events included grade III ataxia, grade IV neutropenia, grade III thrombocytopenia and dizziness. Neurological DLTs were noted in 2 patients at the 2000mg/day and grade III expressive dysphasia and intermittent dizziness were DLT at 1500 mg/day (UPD).
In phase II study of vatalanib in patients with myelofibrosis with myeloid metaplasia the first two patients treated with 750mg/day experienced DLT of grade III dyspepsia and grade II proteinuria. Therefore, the subsequent 6 patients were treated at 500mg/day. This dose was well tolerated. Only one of six patients had a grade III dose-limiting thrombocytopenia. Other grade III/IV toxicities at this dose level included elevated liver enzymes and neutropenia, all of which occurred beyond day 28 of therapy and were reversible after drug interruption. Gastrointestinal or central nerve system toxicities were minimal or absent. In another study, oral, once-daily administration of Vatalanib was tested in 55 patients with recurrent GBM and the MTD was 1500mg/day. Median progression-free survival was 11 weeks when the dose of Vatalanib was greater than 1200mg/day, but only 8.4 weeks with a dose of smaller than 1000mg/day. DLTs included liver enzyme elevation, deep vein thrombosis, insomnia, cerebral edema, fatigue, and nausea and vomiting. Of the 47 evaluable patients, 2 had partial responses, 31 had stable disease and 14 showed disease progression. The median duration of stable disease was 12.1 weeks.
Vatalanib in combination with Temozolomide demonstrated the greatest antitumor activity, with a median progression free survival of 16.1 weeks, compared to 12.1 weeks when in combination with Lomustine. Of the 51 patients who were evaluable for response, 4 had a partial response and 17 had stable disease. The median time to progression was 15.7 and 10.4 weeks for the Temozolomideand Lomustine-treated groups, respectively. There was one grade III dizziness DLT in the 1500mg/day group treated with Temozolomide. The MTD was not reached (UPD). Phase III colorectal cancer trials were initiated in January 2003. Vatalanib was orally administered at a dose of 1250mg/day in two different studies of 1090 and 830 patients with metastatic colorectal cancer.
ZD4190, ZD6474 and AZD2171
ZD4190, a small TKI under investigation by AstraZeneca (Cheshire, UK), inhibits kinase activity of both KDR and Flt1. ZD4190 blocks VEGF-induced human umbilical vein endothelial cells (HUVEC) proliferation with an IC50 value of 60µM (224, 225) . Chronic treatment with ZD4190 inhibited the growth of a variety of human tumor xenografts in animal models, including colon, lung, breast, prostate, and ovarian origin (225) (226) (227) . However, despite its promising potential, clinical development of ZD4190 was discontinued at 2000 due to intrinsic physiochemical and pharmacokinetic properties of the compound, which were responsible for its moderate and variable bioavailability in higher animal species and patients. Structural modification of ZD4190, as well as new generation of compounds, aiming at improving its physiochemical properties led to the discovery of two new compound, ZD6474 and ZD2171 (228, 229) .
ZD6474 is a structural modification of ZD4190 that possesses potent inhibitory characteristics on KDR TK activity (224) . The compound shows selectivity for KDR (IC50, 40nM) versus other RTK, such as EGFR (IC50, 500nM), PDGFR (IC50, 1.1 µM), Flt1 (IC50, 1.6 µM), Tie2 (IC50, 2.5 µM), FGFR (IC50, 3.6 µM), IGF-1R and erbB2 (IC50 > 20 µM), and serine/threonine kinases, such as CDK2, Akt and PDK (IC50, > 20 mM) (229-231). ZD-6474 showed a broad spectrum of dose-dependent antitumor activity against lung, prostate, colon, breast, ovarian and vulval cell lines in vitro (171, (232) (233) (234) . ZD6474 is approximately 500-fold more soluble than ZD4190 in phosphate buffer at pH 7.4, which led to a significant improvement in oral bioavailability as shown in dogs (224) . ZD6474 has a half-life of 15 h and 8 h in rat and dog, respectively, following iv injection (228) . When orally given once-daily using several different dosing regimens, ranging from 25 to 100 mg/kg/day, ZD6474 has demonstrated an antitumor activity in a variety of human xenograft models including central nerve system tumors and intestinal adenomas (230, 232) . Dynamic contrastenhanced MRI assessment indicated that acute ZD6474 treatment significantly reduced vascular permeability in tumor tissue (226, 233) . Chronic administration of ZD6474 was generally well tolerated. However, similar to ZD4190 and other anti-VEGF agents, ZD6474 induced a dosedependent increase in the femoral epiphyseal growth plate area in young rat (225) . In phase I trials, a total of 49 patients with malignant solid tumors were treated with a single oral dose of ZD6474 (50 to 600mg/kg/day) followed by a 7 day washout period and continuation of daily oral dosing, until disease progression or dose-limiting toxicity. Drug-related toxicity has been minimal. The MTD was reached at 600mg in one patient who developed grade III thrombocytopenia. Adverse events were otherwise limited to mild diarrhea and rash increasing with dose. The estimated half-life of the orally administered ZD6474 was 130 h (ranging from 82 to 206 h). Under these conditions, stable disease was observed in two patients. In a follow up study, a total of 18 patients with malignant solid tumors received single oral doses (100 to 400mg/kg/day) followed by 7 days of rest and then daily dosing at the same dose for a total of 28 days. Partial responses were observed in four of nine patients with NSCLC. MTD was 400mg with 100 to 300mg doses recommended for phase II studies.
ZD6474 is currently in phase II clinical trail in patients with malignant solid tumors. Phase II trials in small cell lung cancer (SCLC), NSCLC and myeloma patients were initiated in November 2002. Data were presented at the 40th ASCO meeting, May 2004. In a twopart, open label, randomized, phase II study, 15 patients with NSCLC were administered once daily with 100 and 300mg/kg of ZD6474 in combination with Docetaxel. Serious adverse events were recorded in eight patients among which toxic-induced encephalopathy, nail infection, non-Q wave myocardial infraction and bacterimia were considered to be therapy related. Nine patients had dose reductions or interruptions in treatment mainly due to QTc prolongation or grade III rash. Among the four patients that received 100mg ZD6474, there were two cases of stable disease for duration greater or equal to 12 weeks and two cases of disease progression. From the 11 patients who received 300mg of ZD6474, 10 were valuable for response. Among these, 2 achieved a partial response, 2 had stable disease for duration of 6 to 12 weeks and 2 had stable disease for at least 12 weeks, while 3 patients experienced disease progression. The median time to progression was 15.1 and 18.6 weeks, respectively, for the 100 and 300mg groups. AstraZeneca has announced that they planned to file ZD6474 for marketing authorization application (MAA) in Europe and new drug application (NDA) in the US in 2007.
As of today, AZD2171 has the potential to be a 'best in class' angiogenesis therapy. It is one of a new generation series of orally available, highly potent inhibitors of KDR TK. The compound inhibited VEGFstimulated HUVEC cells proliferation with an IC50 value of 0.4nM and was specific for this type of proliferation. AZD2171 demonstrated selectivity greater than 2000 fold for the inhibition of KDR versus EGFR phosphorylation in cells (UPD).
AZD2171 exhibited pharmacokinetic properties in animals compatible with once-daily oral dosing. Preclinical studies demonstrated a broad spectrum of antitumor activity that extended to a range of histologically distinct xenografts, including lung, colon, breast, prostate and ovarian. In an orthotopic murine renal cell carcinoma model, treatment with 6.3mg/kg/day of AZD2171 resulted in a significant inhibition of primary tumor growth and microvessel density, with a notable decrease in lung metastases. Similar treatment prevented growth plate ossification in the long bones of growing rats and inhibited luteal development in the ovary, a physiological processes that are highly dependent on neovascularization.
Administration of 3mg/kg/day AZD2171 inhibited tumor xenograft growth by 69% to 100% in a variety of animal models. When administered concomitantly with other drugs (Gefitinib , ZD6126, or Irinotecan), AZD2171 resulted in a greater tumor growth inhibition, with tumor regression induced in all cases and a 41% lower mean tumor volume when compared to pretreatment volume at 18 days of dosing. The drug was well tolerated in all studies (UPD). AZD2171 is currently in phase I clinical trail in patients with advanced cancer and liver metastases. Clinical data were presented at the 40th ASCO meeting, June 2004. Cohorts of 3 to 4 patients received a single oral dose of the compound (0.5-20 mg/kg) followed by a 7-day washout period. An equal daily dosing, was then administered for a total of 28 days. PK data of 16 patients indicated that AZD2171 is rapidly absorbed with a median time to maximal plasma concentration of 3h and a half-life of 20h. The PK profile appeared to be linear following single and multiple doses. Treatment was well tolerated at the dose levels and the MTD has not been established at this time. Grade II dizziness was the only toxicity noted, in one patient from the 10mg cohort.
SU5416, SU6668 and SU11248
SU5416 ( 
Phase II and III trials were carried out alone or in combinations with standard chemotherapy regimens, in patients with cancers of colorectal, breast and lung, malignant mesothelioma, melanoma, AML and Kaposi's sarcoma. Major toxicities associated with SU5416 have been projectile vomiting (dose-limiting toxicity), grade III diarrhea, nausea, fatigue, headache, and pulmonary emboli (246) (247) (248) (249) (250) (251) (252) . In February 2002, SUGEN (then owned by Pharmacia) made the decision to discontinue the drug based on interim results from phase III trials involving colorectal cancer patients. Analysis of the data showed that the study would not achieve the defined trial endpoints due to lack of clinical benefit. The company closed its phase III trials and discontinued development for all indications of SU5416 (253).
SU6668 is a broader RTK inhibitor that targets KDR, PDGFR, and FGFR (235, (254) (255) (256) (257) . SU6668 is structurally similar to SU5416 with better toxicity profiles and oral availability. It offers two different mechanisms of action of both anti-angiogenic and anti-tumor effects, by affecting several targets simultaneously. SU6668 blocks recombinant KDR and FGFR kinase activity with IC50 values of 2.4 and 3nM, respectively. SU6668 induced tumor inhibition or regression following oral administration to mice bearing a variety of tumor xenografts (254, 255) . In a metastatic colorectal cancer model, SU6668 increased median survival of tumor-bearing mice by 58% and led to a time-dependent endothelial cell apoptosis and decrease in tumor volume (258). In addition, pericyte vessel coverage and tumor vascularity were significantly decreased in SU6668-treated mice. Combination of SU6668 with Paclitaxel affects ascites formation and tumor spread in ovarian carcinoma xenografts growing orthotopically (259) . Furthermore, it was suggested that SU6668 sensitizes radiation via targeting survival pathways of vascular endothelium in Lewis lung carcinoma and GL261 xenografts, possibly through reducing the survival of tumor endothelium (260, 261) .
In phase I studies, SU6668 was administrated orally once daily to 68 patients with advanced malignancies at dose levels between 100 to 2400mg/kg/day (262) . No serious drug-related toxicities have been observed. Mildmoderate side effects included nausea, diarrhea and fatigue.
Median time on study was 13 weeks (range 2 to 86 weeks), and no MTDs were reached. In a dose escalation pharmacological study, SU6668 was administered at 100 or 200mg/kg to 16 patients with advanced solid tumors. No significant toxicities were observed.
SU6668 was extensively bound to plasma proteins with a half-life of 3.6h. A 3 times-a-day dose regime suggested an MTD of 100 mg/kg when administered with food. In another study, a dose of 300mg/kg administered daily with food was well tolerated among 35 patients, with adverse effects including fatigue and joint pains. Dose limiting toxicity was 400 and 800mg/kg with grade III thrombocytopenia. Four patients had stable disease for more than 6 months. Phase I data were presented at the 39th ASCO meeting, June 2003. A group of 24 patients with advanced solid tumors were given 200-500mg/kg/day of SU6668 for 28 days. Grade I and II toxicities were edema, nausea, vomiting, fatigue, anorexia and abdominal pain. One patient had grade IV pericardial effusion at the 400mg dose. Plasma concentration was lower on day 28 than day 1. Among this group, 10 patients achieved stable disease, but no objective responses were observed (UPD). SUGEN (Pharmacia) initiated a US phase II trial and a collaborative (Taiho) Japan phase II trial for SU6668 on February 2003 and June 2004 respectively, with a recommended dose of 300mg/kg twice daily with food.
SU11248 (263) displays selectivity for members of the split kinase domain subgroup, KDR, PDGFR-alpha, PDGFR-beta, c-Kit and Flt3, with in vitro IC50 values in the nanomolar range (4-14nM) (175, 264-267).
In biological and cellular assays, SU11248 competitively inhibited ligand-dependent KDR and PDGFR-beta autophosphorylation with IC50 values of 10nM (267) (268) (269) (270) . In mouse xenograft models, SU11248 inhibited the phosphorylation of PDGFR-beta, KDR and c-Kit time-and dose-dependently as well. SU11248 demonstrated broad and potent antitumor activity, including regression in murine models of human epidermal (A431), colon (Colo205 and HT-29), lung (NCI-H226 and H460), breast (MDA-MB-435), prostate (PC3-3M-luc) and renal (786-O) cancers, and suppressing or delaying the growth of many others, including the C6 rat and SF763T human glioma xenografts and B16 melanoma lung cancer. Tumor inhibition ranged from 11 to 93%, and was found to be dose-dependent between oral doses of 20 and 40mg/kg/day. In mice bearing established A431 tumors, administration of 80mg/kg/day of SU11248 for 21 days resulted in a complete tumor regression in 6 of 8 mice during the first round of treatment, and in the remaining 2 mice upon retreatment. The tumors did not regrow for duration of 110 days. In Colo205 tumors, SU11248 treatment induced a dose-and time-dependent, rapid decrease in tumor microvessel density and tumor-cell proliferation, and an associated increase in tumor-cell apoptosis, culminating in tumor regression. In SF763T tumor models, on the other hand, SU11248 decreased tumor vascularization and proliferation, with no overt tumor tissue destruction, resulting in tumor growth delay (267) . SU11248 has also demonstrated synergy with both radiation therapy and chemotherapeutic drugs such as Docetaxel, Cisplatin, 5-FU or Doxorubicin in a number of in vitro and in vivo studies (271) .
Phase I and II clinical data confirmed that orally administered SU11248 is well absorbed and has a half-life of 40h. The compound was well tolerated in clinical studies and little toxicity was reported (271) . SU11248 was shown to be effective as second-line therapy for patients with metastatic renal cell carcinoma whose disease had progressed despite standard therapy. All patients were given repeated cycles of SU11248 at 50mg/day for 4 weeks followed by a 2-week rest period. Partial responses were observed in 33% patients while 37% had stable disease for over 3 months. At 6 months, 14 out of 63 of the patients were still under treatment with an ongoing partial response. In another study, SU11248 was administered at 25-75mg/day for a duration of 2 weeks and followed by 2 weeks rest to 18 patients with Imatinib (STI571 or Gleevec )-resistant gastrointestinal stromal tumors (GIST). This regimen resulted in 2 partial tumor responses and 10 stable diseases, the longest being 6 months. Biopsy and imaging studies showed that 10 out of 17 valuable patients had a reduction in metabolic activity in their tumors. The MTD was determined to be 50mg, as 2 patients treated with 75mg experienced transient DLT including fatigue, nausea, and vomiting during the first cycle. In a similar study, administration of 50mg/day of SU11248 for 4 weeks was followed by 2 weeks of rest. Analysis had been conducted in 48 progressing patients, 26 of whom showed a clinical benefit. Administration of 50mg/day of SU11248 for duration of 4 weeks in patients with refractory, metastatic RCC induced mostly grade I or II toxicities, including fatigue, asthenia, nausea and diarrhea. Grade III and IV toxicities included lymphopenia and elevated lipase and amylase, but no clinical signs of pancreatitis. Two patients were taken off the study for decreases in left ventricular ejection fraction greater than 20% without clinical symptoms. In a leukemia trial, AML patients were treated with repeated doses of 25-100mg/day of SU11248 for 2 weeks. Grade III fatigue was the DLT in 2 of 22 patients. Other drug-related adverse events included nausea and vomiting, diarrhea, headache, altered blood counts and lipase elevations; most were grade I and II and were considered manageable. SU11248 is presently in phase III trials. A randomized, double-blind, placebo-controlled study for the treatment of Imatinib-resistant GIST and RCC was initiated in July 2004, with an expected enrollment of 690 patients.
Neovastat (Ae941)
Neovastat is a naturally occurring orally bioavailable antiangiogenic compound, extracted from shark cartilage, under investigation by AEterna Zentaris Inc. (Quebec, Canada). Neovastat possesses multiple antiangiogenic mechanisms of action that provide broad therapeutic potential for a number of diseases (273) . The development of Neovastat first began due to the mistaken belief that sharks, whose skeletons consist mostly of cartilage, are not affected by cancer. Despite the fact that this assumption is not correct, several substances isolated from shark cartilage have been found to possess antitumor activity. Fractionation of liquid shark cartilage led to the characterization of some active components that have been tested for direct antitumor activity in vitro. As yet, however, no reports have identified the active components in Neovastat. Neovastat blocks two main mechanisms of angiogenesis activation, VEGF and matrix metalloproteinase (MMP)-2 and MMP-9. At the molecular level, Neovastat was shown to compete against the binding of VEGF to its receptor in endothelial cells and significantly inhibited the VEGF-dependent tyrosine phosphorylation of KDR, whereas it had no significant effect on Flt1 activity (274) (275) (276) (277) (278) . Moreover, the inhibition of receptor phosphorylation was correlated with a marked decrease in the ability of VEGF to induce pERK activation (274) . Neovastat in a concentration of up to 0.2mg/ml inhibited VEGF-induced endothelial cell sprouting in a dose-dependent fashion. It also inhibited endothelial cell migration and vessel formation (274) . Neovastat (85µg/ml) induced 50 and 100% cell death following 24 and 48h treatment, respectively, in bovine aortic endothelial cells (BAECs) (111, 279) . Sub-chronic toxicity studies in animals did not indicate any significant toxicity associated with the administration of Neovastat. Toxicology studies in rats and monkeys demonstrated no DLT or target organ damage after 1 year of chronic exposure.
A US open-label, multicenter phase I/II study suggested that Neovastat was efficacious in the treatment of refractory metastatic lung cancer (235, 280, 281) . The study did not demonstrate any serious adverse events. Analysis of data from a group of 48 patients with unresectable late-stage NSCLC from phase I/II dosetolerance trial showed that those receiving more than 2.6 mg/kg/day Neovastat were 50% less likely to die than those who received less than 2.6 mg/kg/day (280, 282) . Neovastat has now been monitored in over 800 patients, some of whom have taken the drug for over four years. Overall, Neovastat has an excellent safety profile with few side effects.
Although one serious adverse event (hypoglycemia) was noted in a type 2 diabetic patient, other grade III to IV toxicities have not been observed. Phase I/II trial of Neovastat (30 to 240 ml/day) conducted in 331 solid-tumor patients demonstrated the most frequent adverse events of nausea (7%), vomiting (3%), dyspepsia (2%) and anorexia (2%) (283, 284). Phase I/II trial on patients with renal cell carcinoma, multiple myeloma and prostate cancer performed in Canada and the US, showed no DLT, good patient compliance, and improved conditions or disease stabilization were noted in some of the patients. Nevertheless, development of Neovastat for indications other than lung cancers were suspended or discontinued as a result of budget issues. A recent phase III study found that 200 patients with NSCLC given Neovastat in combination with induction chemotherapy and concomitant chemo-radiotherapy noted granulocytopenia as a common toxicity in the induction phase, and one patient suffered a myocardial infarction in the chemo-radiotherapy phase. It appears that, therefore, Neovastat is suitable for long-term use either alone or in combination with other anticancer agents (235, (280) (281) (282) 285 ).
Identification of the active component of Neovastat may elucidate its specific mode of action and potentially limit the side effects identified at the present time. This is particularly pertinent if, as expected, life-long administration is required, because the effects of chronic exposure and interactions between Neovastat and other therapies are not yet known. The positive safety profile and the oral administration route of Neovastat, however, are advantages in comparison with current therapies and some angiogenesis inhibitors.
GW786034
GW786034 is a KDR TK inhibitor under development by GlaxoSmithKline (Brentford, UK) for the potential treatment of solid tumors (286) . Clinical data on GW786034 were presented at the 40th ASCO meeting, June 2004. In a phase I, open label, non-randomized, doseescalating trial, 37 patients with various solid tumors were orally administered GW786034 as part of a three-times a week schedule (50 or 100mg each dose) or a daily administration schedule (50 to 2000mg each dose). Four cases of stable disease were noted for patients in the trial for more than 27 weeks. Partial response was observed in a patient who received treatment for 46 weeks. Minimal responses of 15-18% tumor shrinkage were noted in two patients on the study for at least 12 weeks. An unconfirmed partial response was observed in a patient on the study for over 14 weeks. Apparent correlation between increase in blood pressure and GW786034 dose was observed. Dose-limiting toxicity of grade III fatigue was obtained in the 200mg dose.
For the once daily administration schedule the half-life was approximately 35 h. Phase II clinical trials of GW786034 were initiated in November 2004.
AG13736
Pfizer (New York, NY), in collaboration with its wholly-owned subsidiary Agouron Pharmaceuticals, is developing AG13736, a potent inhibitor of the VEGF/PDGF receptor TK, as an anti-angiogenic agent for the potential treatment of cancer. AG13736 is active against Flt1, KDR, Flt4, PDGFR-beta and c-Kit with IC50 values of 1.2nM, 0.25nM, 0.25nM, 2.5nM, and 2.0nM, respectively (UPD). The compound showed potent activity and specificity for the recombinant KDR kinase at subnanomolar concentrations. It was shown to inhibit VEGFstimulated HUVEC cells proliferation and survival. In a human colon carcinoma mouse model, oral administration of AG13736 twice daily inhibited tumor growth associated with a significant decrease in microvessel density and increased necrosis.
AG13736 significantly inhibited metastasis to the lung and lymph nodes in an orthotopically implanted human melanoma tumor in SCID mice with halflife of 2h. Co-administration of AG13736 with Docetaxel resulted in a higher antitumor efficacy compared to that achieved by either agent alone. Quantitative MRI analysis revealed that AG13736 treatment produced changes in vascular permeability and antiangiogenic effects (UPD).
Phase I trails were initiated in April 2002 and data were presented at the 40th ASCO meeting, June 2004. AG13736 was orally administered at escalating doses to patients with various solid tumors including breast, thyroid, renal cell, lung and other for cycles of 28 days. The MTD was found to be 5mg/kg among fasted patients. DLTs at doses higher than the MTD were hypertension, seizures, elevated liver functions, mesenteric vain thrombosis and pancreatitis and stomatitis. One patient with a cavitating lung lesion died from hemoptysis while on the treatment. At doses less than or equal to the MTD, the only DLTs observed were one case of stomatitis and 6 cases of doselimiting hypertension. Durable responses were achieved with 2 patients and 7 patients had stable disease for more than 4 months. PK studies showed that peak plasma concentrations occurred between 2 and 4h and the terminal half-life was between 3 and 5h. The dose of 5mg/kg to fasted patients was recommended for phase II trials (UPD). AG13736 entered phase II studies in breast cancer and RCC in November 2004.
BAY57-9352
BAY57-9352 is a KDR inhibitor under development by Bayer Yakuhin Ltd (Leverkusen, Germany) for the potential treatment of cancer (170) 
XL647 and XL999
XL647 (EXEL-647) and XL999 are two potent 'Spectrum Selective' inhibitors under development by Exelixis Inc. (South San Francisco, CA). These compounds are aiming at targeting both the tumor and its vasculature by inhibiting different RTKs implicated in driving tumor proliferation and vascularization. XL647 simultaneously inhibits the EGFR, HER2, KDR and EphB4 TK with high potency and demonstrates excellent activity in target-specific cellular functional assays. Administration of XL647 resulted in a dose-dependent and sustained inhibition of KDR, EGFR and ErbB2 phosphorylation. XL647 has good oral bioavailability and showed potent anticancer activity and sustained inhibition of target RTKs in vivo, following a single oral dose. XL647 induced tumor regression in established MDA-MB-231 and PC3 xenografts models. A single oral dose treatment in MDA-MB-231 xenograft model resulted in a complete and rapid loss of microvessels in the tumor, a decrease in cell proliferation and an increase in necrosis and hypoxia over time. In athymic, xenograft-bearing mice, treatment with 100mg/kg of XL647 produced over 85% suppression of tumor growth. The compound has moderate clearance and 
CHIR258
CHIR258 is a potent VEGF, FGF and PDGF receptor kinase inhibitor, for the potential treatment of cancer, under development by Chiron Corp. (Emeryville, CA). CHIR258 has shown potent activity against several growth factor-related kinases, with IC50 values of 27, 2, 0.1, 10 and 8nM against PDGFR-beta, c-Kit, Flt3, VEGFR1/2/3 and FGFR1/3, respectively. It showed minimal activity against 25 other kinases. The compound had a significant antitumor activity in more than 10 models, including the KM12L4A human colon cancer. It was also showed to induce regression in large tumors, and had potent anti-angiogenic activity in vitro and in vivo. The oral bioavailability of CHIR258 was greater than 70% in mice, rats and monkeys; and 34% in dogs. Maximum plasma and tissue concentrations occurred approximately 4h following an oral dose in mice and rats. The elimination half-life ranged from 2.7 to 3.6h in plasma following an intravenous administration.
CHIR258 inhibited the proliferation of a subset of cancer cell lines, with IC50 values of less than 25nM. In in vivo studies, human colon tumor (KM12L4a) xenografts treated with CHIR258, demonstrated significant tumor regression and inhibition. Tumor regression and/or disease stabilization was observed in 90 to 100% of animals. In a mouse model of murine breast cancer (4T1), CHIR258 inhibited primary tumor growth in a dose-dependent manner (20 to 82%) and liver metastases were inhibited by more than 75% at all doses greater than 10mg/kg/day. In further studies, CHIR258 was shown to potentiate the antitumor activity of the standard cytotoxic therapeutics Irinotecan, Trastuzumab and Gefitinib. Analysis of KM12L4a tumors after CHIR258 treatment indicated that phosphorylation of Flt1, KDR, PDGFR-beta and FGFR were inhibited in a time-and-dose-dependent manner (UPD).
Phase I studies in solid tumor and AML patients were initiated in UK in January and October 2004, respectively. A reduction in phosphorylated ERK was observed in patient peripheral blood lymphocytes 4 to 24 h following the first dose. Pharmacodynamic studies showed dose-dependent plasma concentration and supported oncedaily dosing. In September 2004, the third cohort had completed treatment with 75mg/day of CHIR-258 and a 100mg/day dose level had been initiated. No clinically significant toxicities had been detected at this point.
CEP7055
CEP7055 is the lead compound in a series of KDR TKI for the potential treatment of prostate and pancreatic cancers, under development by Cephalon Inc. (West Chester, PA) and Sanofi-Aventis (Paris, France) (174, 216, 287) . It is a fully synthetic orally active ester of CEP5214, a very potent KDR inhibitor with a poor water solubility (174, 216, 287) .
CEP7055 demonstrated antitumor efficacy, as well as antiangiogenic and antimetastatic activity in animal models. It is 20% orally bioavailable in rats, and has a half-life of 4 to 5h in monkeys. Chronic oral administration of CEP7055 at doses of 10 to 20mg/kg/day resulted in significant inhibition of a variety of established murine and human subcutaneous tumor xenografts in nude mice. No DLT was noted following 10 or 28 days administration in monkeys. No adverse neurological, cardiac or respiratory effects were observed.
Treatment of human pancreatic ductal carcinoma-bearing mice with CEP7055 was well tolerated, and resulted in a significant reduction in primary pancreatic tumor mass, incidence of ascites and the magnitude and extent of hepatic and peritoneal lymph node metastases. Oral administration of CEP7055 at 3 and 20mg/kg/ to BALB/C mice inoculated with renal cancer cells (RENCA) tumors was well tolerated as well and resulted in a decrease in metastatic score.
Administration of CEP7055 in combination with Temozolomide led to an improvement in median survival of human GBM-bearing mice versus mice receiving Temozolomide monotherapy. In a dose-response study in the same model, chronic oral administration of CEP7055 alone at 24 to 95mg/kg/day demonstrated a doserelated reduction in brain edema and hemorrhagic lesions. Significant reductions in neurological dysfunction were observed in GBM-bearing mice receiving CEP7055 alone and to a greater extent, in combination with Temozolomide. Phase I data were presented at the 39th ASCO meeting, June 2003. A group of 19 patients with various solid tumors were given 10-120mg/kg/day CEP7055 continuously for a duration of 28 days followed by a 14-day washout period. Adverse events were generally mild, including hypertension occurred in one patient on the 120mg dose towards the end of the washout period.
AEE788
AEE788 is a potent multi-target inhibitor of both EGF and VEGF RTK family members under development by Novartis AG (Basel, Switzerland) (177, 288) . At the enzymatic level, AEE788 inhibited EGFR, ErbB2, KDR and Flt1 TK activity with IC50 values of 2nM, 6nM, 77nM and 59nM respectively (177) . AEE788 demonstrated an anti-proliferative activity against a range of EGFR and ErbB2-overexpressing cell lines and inhibited the proliferation of EGF-and VEGF-stimulated HUVEC cells (177) . Oral administration of AEE788 to tumor-bearing mice resulted in high and persistent compound levels within the tumor tissues. AEE788 also inhibited VEGFinduced angiogenesis in a murine implant model. Antiangiogenic activity was also apparent by measurement of tumor vascular permeability and interstitial leakage space using dynamic contrast enhanced magnetic resonance imaging methodology (177, 288) . In an in vitro study using the cell line JMAR SCCHN, AEE788 inhibited cell growth with an IC50 value of 7µM at 72h and induced 50% cell death after treatment with 14µM at 48h. Treatment of KAT-4 anaplastic thyroid cancer cells with AEE788 for duration of 1h inhibited autophosphorylation of EGFR and KDR, phosphorylation of ERK and AKT and cell proliferation in a dose-dependent manner with an IC50 value of 7 µM (288). Administration of AEE788 to nude mice implanted with JMAR tumors resulted in significant reduction in tumor growth (288) .
A combinatorial treatment of AEE788 and Everolimus increased the antiproliferative effects of the drugs in comparison to that of single agents alone. Cell death, confirmed to occur via apoptosis, was dramatic at optimal concentrations of the combination. The metabolite, AQM-674, was rapidly formed and eliminated in comparison to AEE788. At a dose of 300 to 400mg, a predicted 80% inhibition of KDR phosphorylation occurred. The drug was widely distributed within the tissues and extensively metabolized.
The once-daily regimen of up to 400mg/day was found to be safe and well tolerated, achieving a therapeutic exposure profile. The half-life of the compound was noted to be above 24h. DLTs were observed at the 550mg dose. The most frequent advert effects were diarrhea, fatigue anemia and nausea, which were experienced by 66, 50 and 42% of patients, respectively. A total of 14 out of 41 (34%) patients achieved stable disease and remained on the study for more than two cycles (UPD).
ZK304709 (ZK-CDK)
ZK304709 is an orally available dual specific CDK and VEGFR kinase inhibitor, under development by Schering AG (Berlin, Germany) for the potential treatment of cancer. ZK304709 inhibited CDK2 and KDR kinase activity with IC50 values of 4 and 30nM, respectively. In xenograft mouse models ZK304709 reduced tumor blood supply and strongly induced apoptosis. Its dual kinase activity enables blocking of cell cycle followed by preferential tumor cell apoptosis through CDK1 and 2 and blocking neoangiogenesis through VEGFR1/2/3 and PDGFR-beta. IC50 values for CDK2, CDK1, VEGFR1/2/3 and PDGFR-beta were 5nM, 60nM, 20nM and 55nM, respectively. Phase I trials were initiated in the first half of 2004.
Merck & Co compound
Merck & Co (West Point, PA) is developing small molecular weight KDR and KDR/Flt3 kinase inhibitors for the potential treatment of cancer and other angiogenic disorders. Preclinical data on two classes of KDR TK inhibitors showing that the lead compound demonstrated good inhibition of VEGF stimulated HUVEC cells mitogenesis with an IC50 value of 18nM and in vivo inhibition of KDR with an IC50 value of 130nM (289, 290) . The compound had an IC50 value of 3nM in an in vitro KDR kinase assay and a half-life of 5.1h. Treatment of human HT1080 fibrosarcoma nude mouse xenograft model with the most potent compound (IC50 values of 19.5nM in vitro, and 21nM in vivo) was associated with partial or nearly complete inhibition of KDR phosphorylation and inhibition of tumor growth (289, 290) . Histology characterization revealed that treatment led to inhibition of tumor angiogenesis and cell proliferation, with an enhancement in tumor cell death (289, 290) . The inhibitors significantly blocked unstaged and staged growth of mammary and glioma tumor growth in vivo. Antitumor efficacy was associated with decreased levels of phosphorylated KDR in lungs and tumors, reduced microvessel density and vessel maturity and decreased endothelial cell proliferation. Treatments were tolerated with no significant changes in body weight. Phase I studies were initiated by July 2004.
Additional approaches
An escalating number of novel therapeutic compounds is still under discovery or preclinical studies, including RWJ-417975, a KDR TKI of Celltech Group Inc. (295) (296) (297) .
Veglin, an antisense oligonucleotide that inhibits VEGF signaling, by VasGene Therapeutics Inc. (Los Angeles, CA) is currently in phase I trial in patients with relapsed or refractory malignancies (298-300).
FUTURE PERSPECTIVE
Targeting cells that support tumor growth, for example the neovasculature of tumors, rather than cancer cells themselves, is a relatively new approach to cancer therapy. Virtually, the control of angiogenesis in general, and targeting KDR in particular offers hope in the treatment of many disorders and may have wide spectrum applicability. Our knowledge of tumor angiogenesis and its impact on conventional cancer therapies has improved tremendously during the course of the last few years (301, 302) . The elucidation of structural abnormalities associated with tumor neovasculature, and of the underlying molecular mechanisms, has led to the identification of potential targets for therapeutic intervention by anti-angiogenesis approaches.
Antiangiogenesis therapies may offer a number of theoretic advantages over the conventional cytotoxic regimens. In principal, conventional therapy is hindered by the development of drug-resistant cancer cells. Due to the fact that endothelial cells possess a normal complement of chromosomes and are genetically stable, and therefore less likely to accumulate mutations that allow them to develop drug resistance in a rapid manner (303) (304) (305) (306) . In addition, endothelial cells are more sensitive than tumor cells to most cytotoxic agents. Thus, a low-dose chronic chemotherapy (or the so-called "metronomic approach"), designed for preferential anti-angiogenic activity rather than tumoricidal activity, could be more efficacious and less toxic than conventional high-dose therapy (202, 203) . It should be taken under consideration, however, that tumor cells might reduce their sensitivity or become 'resistant' to individual antiangiogenic therapy, by increasing production of, or switching to other angiogenic factors (307) .
Combinational use of multiple antiangiogenic agents should prove to be more effective in this scenario (308) . Finally, complete eradication of cancer cells is often unfeasible, partially due to an aberrant tumor vasculature that prevents uniform delivery of therapeutic doses of anticancer agents to the tumor tissues. By disrupting local blood supply, the antiangiogenic agents might detrimentally affect all tumor cells that are dependent upon the vessels, thus minimizing the chance of residual tumor cells escaping (309) .
Antiangiogenic agents may be predominantly effective in the context of combination therapy as they may enhance the delivery and therapeutic efficacy of other treatment modalities that directly target cancer cells. Despite the concern that a reduction of tumor blood supply would interfere with the delivery of chemotherapeutic agents and oxygen to the tumor tissues, it was suggested that that antiangiogenic therapies, when used properly, could 'normalize' the tumor vasculature, thereby improving the efficiency of delivery of concurrently administered cytotoxic agents (310) (311) (312) . To this end, antiangiogenic therapies have been shown to potentate the antitumor effects of several conventional cytotoxic therapies (including both chemotherapies and radiation) in various animal models (188, 200, 313, 314) .
The majority of drugs directed against KDR currently in clinical investigation are small molecular weight TKI. These molecules are oral available and therefore maybe more convenient for patients to handle. However, in contrast to antibodies, which are characterized by their high specificity to their targets and their minimal systemic toxicities to patients, small TKI molecules are less specific and often affect more than one kinase simultaneously, thus often leading to increased toxicity and lack of tolerance in clinical settings. Beneficially, antibodies and small TKI molecules are not mutual exclusive.
For example, combinations of growth factor receptor-specific antibody with receptor kinase-selective small molecule inhibitor have recently been shown to be more efficacious than each individual agent (315, 316) .
Antiangiogenesis therapy is clearly an exciting area of research with potential for improving the care of patients with numerous cancers. The variety of antiangiogenic compounds ranks predominantly amongst novel and promising strategies to fight cancer as well as other pathologies. With the recent approval of the anti-VEGF antibody, Avastin®, the clinical antiangiogenesis approaches now look an increasingly realistic prospect. In particular, a number of carefully designed clinical trials are underway and it is hoped that answers to some of the open questions raised in this review will soon be forthcoming. Interestingly, there are currently more anticancer drugs in clinical trials that are anti-angiogenesis than those that fit into any other mechanistic category. The next few years are clearly going to be an exciting period for further testing and validation of the concept. 
